Gafchromic films are used for X-ray dose measurements during diagnostic examinations and have begun to be used for three-dimensional X-ray dose measurements using the high-resolution characteristics of Gafchromic films for computed tomography. However, the problem of unevenness in Gafchromic film active layers needs to be resolved. Double exposures using X-rays are performed during therapeutic radiology, although this is difficult for a diagnostic examination because of a heel effect. Thus, it has been suggested that ultraviolet (UV) radiation be used as a substitute for X-rays. However, the appropriate UV wavelength has not been determined. Thus, we conducted this study to decide an appropriate UV wavelength. UV peak wavelengths of 245 nm (UV-A), 310 nm (UV-B), and 365 nm (UV-C) were used to irradiate EBT2 and EBT3 films. Each UV wavelength was irradiated for 5, 15, 30, and 60 min, and irradiation was then repeated every 60 min up to 360 min. Gafchromic films were scanned after every irradiation using a flatbed scanner. Images were split into RGB images, and red images were analyzed using ImageJ, version 1.44, image analysis software. A region of interest (ROI) one-half inch in diameter was placed in the center of subtracted Gafchromic film images, and UV irradiation times were plotted against mean pixel values. There were reactions in the front and back of Gafchromic EBT3 and the back of Gafchromic EBT2 with UV-A and UV-B. However, UV-C resulted in some reactions in both sides of Gafchromic EBT2 and EBT3. The UV-A and UV-B wavelengths should be used. PACS number(s): 87.53 Bn
I. INTRODUCTION
Gafchromic films are used for X-ray dose measurements during diagnostic radiology, including computed tomography (CT), interventional radiology (IVR), and quality control (QC) and quality assurance (QA). For CT dose measurements, three-dimensional dosimetry methods have been developed, such as a sheet-roll phantom (1) or a half cylindrical phantom with Gafchromic films. (2) Gafchromic film uniformity is an important consideration for these high-resolution measurements. Gafchromic film nonuniformity errors that arise because of the unevenness of active layer thicknesses can affect the measured doses. In the diagnostic range for X-rays, exposure can be slightly changed based on Gafchromic film density. Thus, signal data for X-ray exposures are affected by these nonuniformity errors.
A double-exposure technique is used to reduce these nonuniformity errors. (3) However, it is difficult to provide homogenous X-ray exposure over a wide area, such as a 14 × 17 inch format. It is known that Gafchromic films react with certain ultraviolet (UV) rays. (4) Gafchromic films have been used to measure the amount of UV rays using this reaction. (5) In general, when using Gafchromic films, UV irradiation was originally considered to be taboo because it introduces density noise for X-ray measurements. (6) Nonuniformity errors are expressed using UV irradiation as a substitute for X-rays in a double-exposure technique. UV light can be uniformly irradiated over a wide area, and nonuniformity errors can be reduced by a subtraction method. In a preliminary study, we performed UV (360 nm) exposure (0.018 mW / cm 2 ) as a doubleexposure technique for Gafchromic EBT and obtained good results. (7) Because of the unevenness in the thickness of the active layer that could affect true data to appear as noise, UV rays were irradiated uniformly as a double-exposure technique with the aim of removing nonuniformity errors. An effect was confirmed for homogeneous improvements in UV irradiation when using Gafchromic EBT, (7) although the effects were unknown for Gafchromic EBT2 and EBT3. In these films, a yellow dye is included in an active layer to reduce nonuniformity errors. A study has shown that the uniformity of Gafchromic EBT2 with a single red channel in a double-exposure technique (pre-irradiation technique) is equal to that of a triple-channel method. (8) Thus, UV could be used for pre-exposure to improve uniformity. It is still necessary to confirm the reaction of UV rays so that we can determine if this yellow dye and UV exposure enhanced this reduction in nonuniformity errors. However, there is a problem with UV irradiation of Gafchromic films. In particular, the sensitivity to the UV rays of the Gafchromic film active layer needs to be clarified. Because there are different wavelengths of UV rays, ranging from 200 to 400 nm, the most suitable wavelength or an adaptation wavelength needs to be determined. Therefore, the aim of this study was to find suitable UV (A, B, or C) rays at which Gafchromic EBT2 and EBT3 active layer are more reactive.
In general, UV rays are divided into UV-A, UV-B, and UV-C, depending on the UV wavelength. (9) UV-A wavelengths are from 315 to 400 nm, UV-B wavelengths are from 280 to 315 nm, and UV-C wavelengths are from 100 to 280 nm. (9) In this study, we used UV-A of 365 nm, UV-B of 310 nm, and UV-C of 245 nm, and the sensitivities of Gafchromic films were compared.
II. MATERIALS AND METHODS

A. Gafchromic films and UV lamps
Peak wavelengths of 365 nm (UV-A), 310 nm (UV-B), and 245 nm (UV-C) of UV light were used to expose two different Gafchromic films. A UV lamp that generated a UV peak wavelength of 365 nm was a black light, NEC FL10SBL (10 W) (NEC Lighting Ltd., Tokyo, Japan). A UV lamp that generated a UV peak wavelength of 310 nm was a UV-B chemical lamp, FL-10E (10 W) (Kyokko Denki Co. Ltd., Tokyo, Japan). A sterilization lamp that generated a UV peak wavelength of 254 nm was a Toshiba GL10SBL (10 W) (Toshiba Lighting & Technology Corp., Kanagawa, Japan). Two different Gafchromic films (both front and back sides) were used in this study, Gafchromic EBT2 (Lot # 02171403) and Gafchromic EBT3 (Lot # 04011401) (Ashland Inc., Covington, KY). EBT2 and EBT3 are transverse-type films; however, reflection-mode scanning was performed because the nonuniformity errors were small. (10) The front side of a Gafchromic EBT2 film is UV protected, but the back side is not. (11) Gafchromic EBT3 is not a UV protected film. (12) B. UV exposure Our experiments were conducted at night so that there was no interference from solar UV rays. The fluorescent lamps in the room were exchanged with UV ray cutting lamps. The cut work with a Gafchromic film was performed under an incandescent lamp. Using a 245 nm germicidal light, a 310 nm chemical lamp, and a 365 nm black light, because UV-rays are harmful to the human body, (13, 14) the area surrounding an exposure was protected from UV rays with acrylic plates (Comoglas CG UV40 P, 0.3 cm thickness, Lot # 140406C B) (Kuraray Co. Ltd., Tokyo, Japan). A Gafchromic film was cut to 9 cm (long axis) by 4.5 cm (short axis). Both sides of Gafchromic EBT2 and EBT3 were placed on an acrylic board 3 mm thick (Fig. 1) . Because each film was irradiated with each type of UV light, three sets were prepared.
Frontal and lateral view arrangements for UV exposure to Gafchromic films are shown in Fig. 2 . The distance between a UV source surface and an optical detector surface was 72 cm. A UV meter probe was placed in the center of an exposure area and UV light strength was measured. UV ray strength was measured using a UVR-300 with a UD-360 probe (365 nm) and a UD-250 (245 nm) probe (Topcon Technohouse Corp., Tokyo, Japan). UV rays of 310 nm were measured by a UV Light Meter UV-340A (Mother Tool Corp., Nagano, Japan).
C. Image Scanning
Each UV ray source was used for exposure for 5, 15, 30, and 60 min, and exposure was then repeated every 60 min up to 360 min. After each exposure, scanning was done with a flatbed scanner (EpsonES-10000G, Seiko Epson Corp. Nagano, Japan) and images were acquired using Adobe Photoshop CS2 (Adobe Systems Inc., San Jose, CA). Scanning was done with 48 bit, 100 dpi resolution, and RGB mode with a PPC film (CR-PP686) (3M Co., St. Paul, MN), using a liquid-crystal protective film (LCD-230W) (Sanwa Supply Inc., Okayama, Japan) to prevent moiré artifacts (Newton's rings). (15) The Gafchromic films were always scanned in the same direction (portrait). The films were placed near the center of the scanner and reproducibly in the same position each time to avoid scanner nonuniformity errors, as shown in Fig. 1 . (16) Procedures for preparations and Gafchromic film scanning were done in a room in which the temperature change was within 21°C to 25°C.
D. Image analysis
Only the image of the red channel was used for the analysis of the image. For a scanned image, the image data for the amount of change in pixel values without UV exposure was determined to identify the difference in pixel values changes when an image was UV irradiated.
A region of interest (ROI) one-half inch in diameter was placed at the center of a Gafchromic film and the mean ± standard deviation (SD) pixel value was measured (Fig. 1 ). Graphs were prepared with UV exposure times vs. pixel values, from which the UV light that provided the most efficient density change was chosen. Digitized image data were analyzed with ImageJ, version 1.44 (National Institutes of Health, Bethesda, MD), image analysis software for Macintosh.
III. RESULTS
The exposure strengths of UV-A, UV-B, and UV-C sources were 0.074 mW / cm 2 , 0.050 mW / cm 2 , and 0.091 mW / cm 2 , respectively. Total UV exposures with UV-A, UV-B, and UV-C sources for 360 min were 1604.88 mJ / cm 2 , 1086.48 mJ / cm 2 , and 1965.60 mJ / cm 2 , respectively ( Table 1) .
The UV-A, UV-B, and UV-C were used to irradiate the front side of Gafchromic EBT2. When UV-A was used for exposure for 360 min, the mean ± SD pixel values were highest, at 1,328.99 ± 133.15. The mean pixel values with UV-B and UV-C were 856.11 ± 146.59 and 516.77 ± 112.76, respectively. These reactions were not accepted. That is, in the front side of Gafchromic EBT2, a reaction was not detected for 360 min with UV-A light at 0.074 mW / cm 2 (1,604.88 mJ / cm 2 ) because of the UV ray protective layer (Fig. 3) . Next, the UV was used to irradiate the back side of Gafchromic EBT2. The mean ± SD pixel values after exposure with UV-A, UV-B, and UV-C for 360 min were 9,226.63 ± 182.04, 9,219.77 ± 153.32, and 1,177.51 ± 162.77, respectively. The reactions due to UV-A and UV-B were high, which provided effective results, whereas this was not the case with UV-C (Fig. 4) . Based on these results, UV exposure of Gafchromic EBT2 was effectively achieved by irradiating with UV-A or UV-B to the back side of this film that was not UV ray protected.
For Gafchromic EBT3, the mean ± SD pixel values with UV-A, UV-B, and UV-C sources were 8,222.01 ± 109.94, 8,071.71 ± 119.92, and 1,012.39 ± 159.20, respectively, after exposure for 360 min to the front side; and were 8,290.66 ± 128.08, 8,198.06 ± 138.35, and 957.17 ± 126.90, respectively, after exposure for 360 min to the back side. Gafchromic EBT3 is designed with structural front and back symmetry. Thus, with exposure with UV-A and UV-B, there were approximately equal reactions on both sides of this film, whereas UV-C resulted in very minimal reactions (Figs. 5 and 6 ). Comparing the types of UV rays, there were reactions in the front and back sides of Gafchromic EBT3 and the back side of Gafchromic EBT2 with UV-A. There were also reactions in the front and back sides of Gafchromic EBT3 and the back side of Gafchromic EBT2 with UV-B. However, UV-C resulted in minimal reactions on either side of Gafchromic EBT2 and EBT3. From these results, we considered that UV-A or UV-B could be used to effectively irradiate Gafchromic EBT2 and EBT3. 
IV. DISCUSSION
A. Film Reactions
We found different results when UV exposure was applied to the front or to the back side of Gafchromic EBT2. Because UV ray protection is present on the front side of this film, reactions were low for 360 min exposure to any type of UV source. However, by applying exposure to the back side, very high reactions were generated. The mean pixel values were 1,328.995 in the front and 9,226.631 in the back side when this film was irradiated with UV-A for 360 min, which was 6.94 times higher at the back side. The mean pixel value was 856.111 in the front side and 9,219.774 in the back side with UV-B: 10.769 times higher at the back side.
When Gafchromic EBT3 was irradiated for 360 min with UV-A and UV-B, high reactions were generated that were equal at both the front and the back sides, with mean pixel values of 8,222.005 (front) and 8,290.660 (back) with UV-A and 8,071.713 (front) and 8,198.057 (back) with UV-B. When both sides of Gafchromic EBT3 were compared with the back side of Gafchromic EBT2, the back side of Gafchromic EBT2 showed a higher reaction. For an index of the exposure strength, the exposure time was set and an exposure dose was measured.
B. UV protection layer
The front of Gafchromic EBT2 is UV-ray protected; therefore, there were minimal reactions. However, UV-A resulted in greater reactions than those with UV-B and UV-C. The pixel values were 1,328.995 ± 133.151, 856.111 ± 146.588, and 516.766 ± 112.762 after exposure for 360 min with UV-A, UV-B, and UV-C, respectively. That is, a Gafchromic film with a UV ray protection layer can be used by increasing the exposure strength.
C. UV protection for humans
The wavelengths of UV-A are from 315 to 400 nm, those of UV-B are from 280 to 315 nm, and those of UV-C are from 200 to 280 nm. UV rays may affect the human body. A UV exposure box was made with an acrylic board to cut UV rays to prevent this. There was no leakage of UV rays to the outside of this box.
D. Yellow dye in Gafchromic EBT2
One purpose for using a yellow dye in Gafchromic EBT2 and EBT3 films is that variations in active layer thickness results in density changes and the dye is used for nonuniformity corrections. Radiation dose information is provided by a red channel, and information on the degree of uniformity is provided by a blue channel, which information is used for nonuniformity corrections. (16, 17) However, the uniformity of Gafchromic EBT2 in a single red channel using a double exposure technique (pre-exposure technique) was equal to that of a triple-channel method. (8) Therefore, thickness-unevenness of the active layer was enhanced by uniformly irradiating with UV rays, such as UV exposure to Gafchromic EBT film. (7) E. UV strength Because we irradiated at a distance of 72 cm using a 10 W fluorescent tube, relatively long-time exposure was necessary for an increase in density. When there was some increase in density even with exposure for 5 min and on comparison to dose data for nonexposure a difference was observed, a reaction due to UV rays could be expressed. However, the most suitable exposure dose for EBT2 and EBT3 films remains to be determined. For UV lamps with high exposure strengths, exposure can be done within a short time. Thus, it is necessary to determine the most suitable exposure dose or exposure time.
In this study, the sensitivity of Gafchromic film for UV rays was measured; the most suitable UV ray strength should be evaluated in future studies.
F. Scanning
Peculiar irregularities with quite a few scanners may occur during image scanning. In addition, these irregularities may occur because a protective film of liquid crystals and PPC are spread for moiré (Newton's rings) reduction between the glass surface of a scanner and a Gafchromic film. However, these irregularities can be reduced by making a subtraction, and only the changes that occurred will be expressed by UV exposure.
G. UV wavelengths
Because different UV-ray fluorescent tube types were used in this study, the wavelengths emitted had certain peaks and widths. Our results were best in terms of sensitivity with a UV lamp with a UV-A wavelength of 365 nm. However, UV-A wavelengths vary in the range of 315-400 nm and it could not be judged whether the UV rays with the UV lamp we used were the most efficient. It will be necessary to investigate this using a lamp that emits UV rays with wavelengths over a smaller range. It will also be necessary to conduct experiments using a UV ray apparatus (e.g., LED) that generates a specific wavelength to identify the required wavelength.
H. Optical density increases
At certain times after exposure began there was an increase in optical density. (16) Because this study was a evaluation of nonuniformity, density increase after the exposure was not considered.
V. CONCLUSIONS
The UV rays that Gafchromic EBT3 reacted to most were UV-A and UV-B. Both sides of this film provided equal results. Both the front and back sides reacted to UV-A and UV-B, whereas for Gafchromic EBT2, the reactions were different. Even if exposure was to the front side of Gafchromic EBT2 with UV-ray protection, it exhibited a reaction when using a 10W UV tube. Based on these results, using UV exposure, nonuniformities are emphasized in addition to the yellow dye. Uniform exposure with UV rays provided for using a Gafchromic film with a large area of UV rays could be used as a substitute for a double-exposure technique with X-rays. Thus, the precision of the measurement of X-rays dose by a Gafchromic film would be improved.
